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Abstract—Recently, the millimeter wave (mmWave) band has
been investigated as a means to support the foreseen extreme
data rate demands of emerging automotive applications, which
go beyond the capabilities of existing technologies for vehicular
communications. However, this potential is hindered by the severe
isotropic path loss and the harsh propagation of high-frequency
channels. Moreover, mmWave signals are typically directional,
to benefit from beamforming gain, and require frequent re-
alignment of the beams to maintain connectivity. These limi-
tations are particularly challenging when considering vehicle-to-
vehicle (V2V) transmissions, because of the highly mobile nature
of the vehicular scenarios, and pose new challenges for proper
vehicular communication design. In this paper, we conduct
simulations to compare the performance of IEEE 802.11p and
the mmWave technology to support V2V networking, aiming at
providing insights on how both technologies can complement each
other to meet the requirements of future automotive services. The
results show that mmWave-based strategies support ultra-high
transmission speeds, and IEEE 802.11p systems have the ability
to guarantee reliable and robust communications.
Index Terms—V2V communications; millimeter wave
(mmWave); IEEE 802.11p; connectivity performance
I. INTRODUCTION
In recent years, Vehicle-to-Everything (V2X) communica-
tions have been investigated as a means to support automo-
tive services to improve the efficiency and safety of road
transportation systems. These safety services often deal with
small data messages with very stringent requirements in terms
of transmission reliability and latency [1]. However, future
connected and automated vehicles will encompass a wide
range of sensors, including video cameras, GPS, LIDARs and
radars, that will generate massive amounts of data (e.g., in the
order of terabytes per driving hour [2]) that may exceed the
capacity of existing V2X communication technologies.
A possible response to this growing demand for ultra-
high transmission speeds can be found in the next-generation
radio interfaces, globally standardized by the 3rd Generation
Partnership Project (3GPP) as New Radio (NR) [3], that
include in particular the millimeter wave (mmWave) bands.1
Besides the extremely large bandwidths available at such
frequencies, the small size of the antennas makes it possible
to build complex antenna arrays and obtain high gains by
beamforming (BF), thus further increasing the transmission
1Although strictly speaking mmWave bands include frequencies between
30 and 300 GHz, industry has loosely defined it to include any frequency
above 10 GHz.
rates. The mmWave band therefore represents a new oppor-
tunity for future vehicular communications, in combination
with other wireless systems. However, this potential can be
jeopardized by the challenging propagation characteristics of
high-frequency channels, as signals do not penetrate most
solid materials and are subject to high signal attenuation and
reflection. In addition, mmWave links are typically directional
to benefit from beamforming gain and, especially when con-
sidering highly dense or highly mobile vehicular scenarios,
require precise alignment of the transmitter and receiver beams
to maintain connectivity [4], [5].
In this regard, while the research on Vehicle-to-
Infrastructure (V2I) systems operating at mmWaves has re-
cently been quite widespread (e.g., [2], [8]–[11]), the literature
on Vehicle-to-Vehicle (V2V) networking (e.g., [12], [13]) is
still very scarce. In [12] the authors shed light on the opera-
tional limits of mmWave bands as a viable Radio Technology
(RT) for future high-rate V2V transmissions while, in [13], a
multi-access edge computing framework integrating licensed
sub-6 GHz band and mmWaves for inter-vehicle information
distribution is proposed. Some other papers have provided
analytical characterizations of the mmWave channel in V2V
scenarios. For example, in [14], the authors theoretically
modeled the downlink performance of a mmWave network
deployed along a highway section, while in [15] an exper-
imental characterization of the 38 GHz and 60 GHz radio
channel is presented. Motivated by these considerations, in
this paper we conduct extensive simulations to provide the first
numerical evaluation of the practical feasibility of designing
mmWave-based strategies to target the requirements of future
V2V services, and compare their performance to that of IEEE
802.11p systems. The results show that the support of high-
frequency bands has the potential to provide extremely high
data rates, while IEEE 802.11p enables reliable and robust
communications with lower bit-rates. We conclude that the or-
chestration of different radios makes it possible to complement
the limitations of each type of network and therefore represents
a viable approach to improve the robustness and stability of
V2V connectivity while establishing high-capacity channels.
The remainder of this paper is organized as follows. In
Sec. II we overview the characteristics of the IEEE 802.11p
standard and the mmWave technology in relation with target
V2V application requirements. The system model is described
in Sec. III, while in Sec. IV we present our main findings
and simulation results. Finally, conclusions and suggestions
for future work are provided in Sec. V.
2TABLE I: Description of the characteristics of radio interfaces currently being considered for V2V communications.
RT Pros Cons
IEEE 802.11p [6] • No need for network infrastructure
• Low latency
• Fully distributed and uncoordinated access
• Hidden node problem
• Limited transmission data rate
mmWaves [7] • Very large bandwidth
• Beamforming gain
• Spatial isolation
• Potential of physical-layer security/privacy
• Very large path loss
• Signals do not penetrate through solid material
• Need to set up aligned transmissions
• Significant shadowing, reflection and scattering
II. RADIO TECHNOLOGIES TO ENABLE
V2V NETWORKING
V2V communications are designed to exchange basic in-
formation among the vehicles to enable advanced automotive
services, the main ones concerning the enhancement of road
safety and the reduction of the traffic impact on the envi-
ronment. The 3GPP has recently categorized different per-
formance requirements for next-generation vehicular systems
supporting enhanced V2V applications [16], as follows.
Vehicle platooning includes services that make it possible
for a group of vehicles that follow the same trajectory to travel
in close proximity to one another, nose-to-tail, at highway
speeds. In addition to the strict latency requirement, the
connection reliability and stability of these applications are
also very critical.
Advanced driving enables semi- or fully-automated driving
and allows vehicles to coordinate their trajectories and ma-
neuvers to guarantee safer traveling, collision avoidance, and
improved traffic efficiency. While the size of the exchanged
safety messages is typically small (up to a few thousands of
bytes), latency must be very small to ensure prompt reactions
to unpredictable events.
The extended-sensor functionality enables the direct dis-
semination of raw or processed data, gathered through local
sensors, among vehicles, which can enhance the perception
of the surrounding environment beyond what their own in-
strumentation can detect. These services usually require high-
throughput connections (in the order of hundreds of megabits
per second), due to the detailed nature of the shared contents,
while some latency can be tolerated (depending on the degree
of automation).
It is therefore clear that future V2V services will have
increasingly stringent demands in terms of data rate, reliability,
latency, and connectivity. In this section, we thus overview the
features of candidate RTs currently being considered for inter-
vehicle communications, namely the IEEE 802.11p standard
and the mmWave technology,2 and discuss their performance
characteristics in relation with target application requirements.
Table I provides a short summary of the argumentation.
A. IEEE 802.11p Communications
The IEEE 802.11p standard supports the Physical (PHY)
and Medium Access Control (MAC) layers of the Dedicated
2Based on the 3GPP Release 14 specifications, the cellular-V2X (C-V2X)
technology, which relies on the PC5 interface specified for device-to-device
operations, offers V2V services using cellular technologies as a basis [17].
However, a comparison between C-V2X and the IEEE 802.11p and the
mmWave paradigms is beyond the scope of this paper.
Short Range Communication (DSRC) transmission service and
offers V2V data exchange at a nominal rate from 6 to 27
Mbps within a range of a few hundreds of meters [6]. In
the US, DSRC can count on a total spectrum of 75 MHz
in the 5.9 GHz frequency band, divided into seven 10-MHz
channels, with 5 MHz of guard band at the lower end of
the spectrum. Japan has been already deployed IEEE 802.11p
systems using 10 MHz of spectrum in the 760 MHz band [18].
This standard embeds certain desirable features for V2V
communications. Endpoints can operate without a network
infrastructure, removing the need for prior exchange of control
information and thus bringing a significant advantage in terms
of latency with respect to regular Wi-Fi or legacy cellular
operations. Moreover, IEEE 802.11p implements the carrier
sensing multiple access with collision avoidance (CSMA/CA)
mechanism at the MAC layer, thereby guaranteeing a fully
distributed and uncoordinated access to the wireless channel,
with no need for a resource allocation procedure.
Nevertheless, the IEEE 802.11p standard presents some in-
herent limitations. First, the throughput and delay performance
degrades as the network load increases, even though there
are ways of mitigating congestion by adjusting the message
rate in the application layer [19]. Second, the channel access
mechanism is prone to the hidden node problem, which may
result in packet collisions. Third, the limited bandwidth of
IEEE 802.11p systems results in limited data rates which may
not satisfy the requirements of some categories of future V2V
applications, e.g., extended sensors.
In conclusion, on the one hand, IEEE 802.11p systems
present desirable features in terms of ubiquitous connec-
tion availability and communication stability. On the other
hand, some next-generation V2V use cases may require high-
throughput transmissions beyond the capacity of existing
DSRC systems.
B. Millimeter Wave Communications
The mmWave band between 10 GHz and 300 GHz has been
considered as an enabler of the 5th generation (5G) perfor-
mance requirements in micro and picocellular networks [20].
As mentioned, these frequencies offer much more bandwidth
than traditional networks operating in the congested bands
below 6 GHz, and some preliminary capacity estimations
have demonstrated that systems operating at mmWaves can
offer orders of magnitude higher bitrates than legacy vehicular
networks [21]. Moreover, the millimeter wavelengths make
it practical to build very large antenna arrays (e.g., with
332 or more elements) to provide spatial isolation, reduce
interference, and support multiplexing.
Although this new band has gathered great interest for
automotive applications, there are many concerns about its
transmission characteristics [4]. First, with wavelengths in the
order of millimeters, isotropic transmissions incur severe path
loss and result in limited communication range. Second, unlike
signals at sub-6 GHz frequencies, mmWave signals do not
penetrate most solid materials, and movements of obstacles
and reflectors may cause the channel to rapidly appear and
disappear. Third, the significant Doppler spread experienced
at high frequencies may impair the feedback over a broad-
cast channel (e.g., during synchronization or random access).
To overcome these limitations, contrary to legacy V2V
schemes, mmWave communications are typically directional
to benefit from beamforming gain, and support mechanisms
by which the vehicles can quickly determine appropriate di-
rections of transmission. This requires precise and continuous
alignment of the transmitter and receiver beams to maintain
connectivity, an operation that may increase the system over-
head and lead to throughput degradation. In this regard, the
definition of directional V2V strategies can be favored by the
dissemination of in-vehicle sensors information, e.g., vehicle
position information obtained from GPS measurements may
help geometrically select the optimal beam to interconnect
the endpoints at any given time and alleviate the burden
of the beam alignment operations. However, the communi-
cation performance can be rather deteriorated if the data is
inaccurate, outdated and/or unreliable. Moreover, albeit the
implementation of a digital beamforming architecture allows
the processing of multiple simultaneous and orthogonal beams
in the digital domain and offers considerably faster alignment
operations, it requires a separate Radio Frequency (RF) chain
for each antenna element and therefore suffers from significant
energy consumption and requires expensive hardware [22].
In conclusion, the design of V2V systems operating at
mmWaves requires the implementation of mechanisms able
to cope with the inherent instability of the high-frequency
channels, a research challenge that is still largely unexplored.
III. SYSTEM MODEL
In this section we describe the system model we considered
to evaluate the communication performance of a vehicular
system implementing V2V transmissions. The path loss char-
acterization is presented in Sec. III-A and Sec. III-B, while in
Sec. III-C we introduce our main simulation parameters.
A. Non Line of Sight (NLOS) Probability
In V2V systems, due to the relatively low elevation of the
vehicle antennas, we reasonably expect that other vehicles will
act as obstacles to the propagation of the signals. It is thus
imperative to distinguish between Line of Sight (LOS) and
Non Line of Sight (NLOS) path loss characterizations.3
3In order to better investigate the effect of dynamic blockages (i.e., vehicles)
on the signal propagation, in our simulations we have not considered static
obstacles, e.g., buildings or vegetation. A complete characterization of the
NLOS path loss probability is however of great interest and is left for
future work.
In this regard, in [23] the authors represent the blockage
probability Pb(d), i.e., the probability of one or more vehicles
potentially obstructing the LOS between the transmitter and
the receiver, as a non-decreasing function of the inter-vehicle
distance d (the longer the link, the more likely to intersect
with one or more blockages), i.e.,
Pb(d) = 1−min(1,max(0, ad2 + bd+ c)), (1)
where the parameters a, b, c are derived from geometry-based
deterministic simulations and depend on the vehicle den-
sity of the scenario. Nonetheless, from an electromagnetic
perspective, the presence of intermediate vehicles potentially
obstructing the visual line of sight between the endpoints
does not necessarily imply the NLOS condition. It is also
required that the Fresnel ellipsoid is not free of obstructions.
Therefore, according to the analysis developed in [24], the
probability PNLOS(d) of NLOS condition for a link that spans
a distance d is given by the blockage probability multiplied by
the probability that at least one vehicle is within the ellipsoid
corresponding to 60% of the radius of the Fresnel zone, i.e.,
PNLOS(d) = Pb(d) ·Q
(
h− µh
σh
)
, (2)
where the Q-function Q(·) represents the tail distribution of
the normal distribution function, and µh and σh are the mean
and the standard deviation of the obstacle height, respectively.
Finally, h denotes the effective height of the straight line
connecting the transmitter and the receiver at the obstacle and
is given by
h = (hi − hj)dobs
d
+ hi − 0.6rf + ℓa, (3)
where hi and hj are the heights of the transmitting and
the receiving vehicles, respectively, dobs, which is uniformly
distributed in [0, d], is the distance between the transmitter
and the obstacle, ℓa is the physical length of the antenna and
rf is the radius of the first Fresnel ellipsoid, which is given by
rf =
√
λdobs(d− dobs)
d
, (4)
with λ denoting the wavelength.
B. Path Loss Model
As soon as the different communication states (i.e., LOS
and NLOS) have been identified, the path loss follows a dual-
slope piecewise-linear model, which is deemed suitable to
represent the real propagation in a vehicular environment. We
distinguish between IEEE 802.11p and mmWave systems.
IEEE 802.11p Model. First, we define the term ⌊x⌉ba as
⌊x⌉ba ,


x, if a ≤ x ≤ b
a, if x < a
b, if x > b
(5)
Based on the above notation, the path loss for IEEE 802.11p
systems follows the model in [25] and is expressed as
PL(d) =A1N + PL(d0)− 10γ1 log10
⌊
d
d0
⌉ dc
d0
1
− (6)
− 10γ2 log10
⌊
d
dc
⌉
∞
1
+ χσ,
4where γ1 and γ2 are the path loss exponents, χσ represents the
standard deviation of the shadowing, and PL(d0) is the free
space path loss at the reference distance d0 = 1 m. The critical
parameter dc is the Fresnel distance and is calculated as
dc =
4hihj
λ
(7)
while the binary random variable 1N is equal to 1 with
probability PNLOS(d), i.e., in case of NLOS propagation. In
such a situation, the path loss is increased by a factor A
according to a knife-edge attenuation model4 [24], i.e.,
A=
{
6.9+20 log10
[√
(v−0.1)2+1+v−0.1], if v>−0.7
0, otherwise
(8)
where v =
√
2H/rf and H is the difference between the
height of the obstacle and that of the line connecting the
transmitting and the receiving vehicles.
Millimeter-Wave Model. Available measurements at
mmWaves in the V2V context are very limited and realistic
scenarios are indeed hard to simulate. In fact, the increased
reflectivity and scattering from common objects and the poor
diffraction and penetration capabilities of mmWaves are the
main factors preventing the reuse of the existing sub-6 GHz
path loss models for high-frequency scenarios [4]. Neverthe-
less, the authors in [26] have conducted some measurements
at 60 GHz to characterize the mmWave propagation between
two cars communicating in LOS or NLOS situations. The path
loss is calculated according to a dual-slope model, i.e.,
PL(d) = ξ · 10 log10 d + η + 15 · d/1000, (9)
where the rightmost term denotes the atmospheric attenuation
at 60 GHz, that is 15 dB/km, and the parameters ξ and η are
given in [26, Table VI]. In the case of LOS (with probability
PLOS(d) = 1 − PNLOS(d)), ξ = 1.77 and η = 70, while in
the case of NLOS, as for our previous assumptions, we con-
sider one single intermediate vehicle located midway between
the transmitting and receiving vehicles, and we set ξ = 1.71
and η = 78.6.
C. Simulation Parameters
The simulation parameters are based on realistic system
design considerations and are summarized in Table II. Vehicles
are deployed over a section of a highway, which is composed
of Nl = 4 infinitely long parallel lanes of width w = 3.5 m,
so that the total road width is 2W = Nl · w = 14 m. We
consider a static scenario, therefore the impact of the vehicles’
speed is not investigated at this early stage. Following the char-
acterization proposed in the prior literature, the transmitting
and receiving vehicles are modeled as sedan cars of height
hi = hj = 142 cm [26] while, in the case of NLOS, the
intermediate vehicle height is modeled as a normal random
variable with mean µh = 150 cm and standard deviation
σh = 8.4 cm [24].
4For the tractability of the simulation, we assume that the attenuation factor
A follows a single knife-edge model, which considers one single vehicle
obstructing the LOS. The extension of the single knife-edge obstacle case
to a multiple knife-edge is not immediate and is left as future work.
TABLE II: Main simulation parameters.
Parameter Value Description
w 3.5 m Lane width
Nl 4 Number of lanes
PTX 19.5 dBm Transmission power
hi = hj 142 cm Height of TX and RX cars
µh 150 cm Mean of intermediate car’s height
σh 8.4 cm Stddev. of intermediate car’s height
d {2,. . . ,500} m Inter-vehicle distance
WmmW 400 MHz mmWave total bandwidth
fc,mmW 60 GHz mmWave carrier frequency
N {4, 64} Antenna array size
WDSRC 75 MHz IEEE 802.11p total bandwidth
fc,DSRC 5.9 GHz IEEE 802.11p carrier frequency
ℓa 10 cm IEEE 802.11p antenna length
γ1, γ2, ξ1, χ2 (IEEE 802.11p path loss parameters) ∼ [25]
ξ, η (mmWave path loss parameters) ∼ [26]
a, b, c (blockage probability parameters) ∼ [23]
IEEE 802.11p systems operate in the legacy band, i.e., at
5.9 GHz, with a total bandwidth of 75 MHz. Antennas are
supposed to be located on top of vehicles, in the middle
of the roof (which was experimentally shown to be the
overall optimum placement when considering omnidirectional
transmissions [24]), and to be of length ℓa = 10 cm.
For mmWave links, the central frequency is set to 60 GHz
while the total bandwidth is set to 400 MHz, as specified in
[3]. In order to establish directional transmissions, vehicles are
equipped with Uniform Planar Arrays (UPAs) of N elements,
allowing to steer beams consisting of a main lobe of predefined
width (which depends on N ) and a side lobe that covers the
remainder of the antenna radiation pattern.5 For completeness,
in our study we also consider omnidirectional mmWave trans-
missions, i.e., N = 1. For the beam alignment, we assume
that measurement reports are periodically exchanged (i.e., at
the beginning of every slot of duration T ) among the vehicles
so that they can periodically identify the optimal directions
for their respective beams [5]. Such configuration is kept
fixed for the whole slot, during which nodes may lose the
alignment due to mobility. In case the connectivity is lost
during a slot, it can only be recovered at the beginning of the
subsequent slot, when the re-alignment procedure is performed
again [5]. In this respect, geographical position data can be
used to geometrically point the beam towards the intended
receiver at any given time: the inaccuracy of such data is
modeled according to a Gamma distribution with parameters
α = 3.14733 and β = 0.462432 [27].
Our results are derived through a Monte Carlo approach
where Nsim = 100000 independent simulations are repeated
to get different statistical quantities of interest. In particular,
we analyze the received signal strength between the transmit-
ting and the receiving nodes for different values of the inter-
vehicle distance d, with d varying from 2 m to 500 m. We
recall that, with our channel model, the presence of the line
of sight is probabilistically determined, thereby making the
Monte Carlo approach a reasonable solution.
5It is quite reasonable to assume that four equal and independent antenna
arrays are arranged on either side of each car and that the cars are positioned
onto the same elevation plane, so that each array is responsible for covering
a ∆θ = 180
◦ azimuth space.
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Fig. 1: Path loss (left axis) and LOS probability (right axis) vs d for IEEE
802.11p and mmWave communications.
IV. COMPARATIVE RESULTS
In this section we provide some numerical results to
compare the performance of IEEE 802.11p and mmWave-
based V2V communications, which will be assessed in terms
of achievable data rate, outage probability and stability.
Path Loss. Fig. 1 shows the path loss (left axis) and
the LOS probability (right axis) as a function of the inter-
vehicle distance d and considering both IEEE 802.11p and
mmWave transmissions. As expected, the LOS probability
PLOS(d) = 1 − PNLOS(d) is a non-increasing function of
d as the farther apart the vehicles, the more likely the
event of obstruction of the line of sight. We notice that
PLOS(d) is slightly lower for IEEE 802.11p systems since,
when operating at lower frequencies, the Fresnel radius rf
increases, as highlighted by Eq. (4), thereby increasing the
probability of vehicles obstructing the Fresnel ellipsoid.
Nonetheless, the mmWave path loss is significantly higher
than for IEEE 802.11p transmissions. The reason is that,
unlike sub-6 GHz frequencies, mmWaves have increased
reflectivity, poor diffraction and penetration capabilities in
NLOS situations, and therefore are affected by significant
attenuation. However, the effect of such properties is small
for short distances (i.e., up to a few tens of meters), which
therefore represent a suitable range for mmWave links in
vehicular scenarios.
Data Rate. In Fig. 2, we compare the average Shannon data
rate of both the IEEE 802.11p and the mmWave technologies,
for different antenna configurations (including omnidirectional
mmWave transmissions, i.e., N = 1).6 We observe that the
very large bandwidth available to the mmWave systems (5
times larger than in IEEE 802.11p) ensures much higher
throughput than operating at legacy frequencies (up to two
6In this paper, the Shannon data rate is computed from the Signal to Noise
Ratio (SNR), which is the average received power divided by the noise power.
Therefore, our results represent an upper bound for the performance of the
vehicular nodes, as we do not investigate the effect of interference nor make
any medium access control consideration.
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Fig. 2: Average achievable data rate vs d for IEEE 802.11p (dashed line)
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Fig. 3: Outage probability vs d for IEEE 802.11p (dashed line) and mmWave
communications (solid lines), with different antenna array configurations
(markers).
orders of magnitude more in short range). This performance
can be further magnified by configuring very directional
transmissions. In fact, there exists a strong correlation among
beamwidth, number of antenna elements and beamforming
gain: the more antenna elements in the system, the narrower
the beams, the more directional the transmission, the higher
the gain that can be achieved by beamforming.
It should also be noted that, even implementing omnidirec-
tional strategies at mmWaves, the connection still guarantees
acceptable average bitrate, provided that the endpoints are
sufficiently close (to increase the LOS probability).
Outage Probability. In Fig. 3, we evaluate the outage
probability of the investigated V2V schemes, i.e., the prob-
ability that the received signal strength is below a predefined
threshold, taken to be −5 dB in our simulations. Low values
of outage ensure more reliable V2V communications, a crit-
ical prerequisite for safety services requiring ubiquitous and
continuous connectivity.
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Fig. 4: Average received power vs d for aligned (solid lines) and misaligned
(dashed lines) mmWave communications, with different antenna array config-
urations (markers).
In general, we see that lower outage probability can be
achieved when considering short-range communications and,
in case of directional transmissions, when using large arrays.
In the first case, the endpoints are progressively closer, thus
ensuring better signal quality and stronger received power. In
this region, the channel conditions are sufficiently good to
ensure satisfactory signal quality (and, consequently, accept-
able outage) even when considering small antenna factors or
omnidirectional transmissions. In the second case, narrower
beams are needed to guarantee higher gains, produced by
beamforming.
Moreover, we observe that IEEE 802.11p systems usually
provide more reliable communications than mmWave links
since they present a lower outage probability. Nevertheless,
mmWave transmissions also achieve sufficient detection per-
formance for spatially close vehicles (i.e., d < 110 m) em-
ploying very narrow beams (e.g., N = 64).
Finally, for very large distances (i.e., d > 300 m), all the
investigated configurations achieve unacceptable reliability
values. However, mmWave communications with sharp
beams (e.g., N > 64) have the potential to support unreliable
long-distance inter-vehicle communications for which the
IEEE 802.11p signal is basically undetectable.
Robustness. The misalignment between the transmitter and
the receiver, which can occur during lane change opera-
tions or as a consequence of the dissemination of inaccurate
vehicle position information, may have a very detrimental
impact on the performance of some V2V applications, as
sensors may provide skewed or delayed readings and vehicles
may lose connectivity. In our scenario, the degree δm of
misalignment is distance-dependent and is given by δm =
arctan(W/d), where W = 2w = 7 m is the width of one
carriageway lane and d is the inter-vehicle distance.
In Fig. 4, we observe that the impact of the misalignment on
the communication performance depends on several factors,
including d and the beamwidth. In case of very directional
mmWave transmissions (e.g., N = 64), the quality of the
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Fig. 5: Average received power vs d for IEEE 802.11p (dashed line) and di-
rectional mmWave communications (solid lines), with N = 64. If applicable,
the inaccuracy of the geographical position data is modeled according to a
Gamma distribution with parameters α = 3.14733 and β = 0.462432 [27].
received signal significantly decreases as a result of misaligned
nodes (i.e., more than 50 dB for short distances), mainly
due to the non-continuous beamtracking mechanism: after the
alignment is lost, vehicles need to wait for a new tracking
operation to be performed to recover their optimal beam con-
figuration. Conversely, more robust alignment can be achieved
when considering smaller array factors since wider beams
enlarge the area in which the vehicles are within coverage.
Omnidirectional strategies are not affected by misalignment
(in Fig. 4, the solid and dashed curves for the N = 1 case
overlap perfectly). In this approach, however, the well-known
robustness versus throughput trade-off is exposed [5]: wider
beams guarantee more robust and continuous connectivity but
generally yield lower received power and transmission rates,
as shown in Fig. 2.
Moreover, from Fig. 4 we see that the impact of mis-
alignment is dominant at short ranges. Indeed, the received
power initially increases with d since, for larger distances,
the projection of the beam’s shape onto the road surface is
geometrically larger, thereby increasing the maximum distance
that the vehicles can cover before leaving their respective
communication ranges. However, beyond a certain value of d
(i.e., d > 50 m for N = 64 and d > 10 m for N = 4), beams
are already sufficiently large to allow for loose alignment and
the received power decreases just because of the path loss.
If sensory information (e.g., GPS coordinates) is available,
it can be used to aid the configuration of the mmWave
communication link and to remove the need for periodical
beam tracking operations. In this regard, Fig. 5 reports the
effect of misalignment due to inaccurate data, which makes
the nodes point their beams towards improper directions.
Nevertheless, such inaccuracy compromises only very short-
range transmissions (i.e., d < 20 m for N = 64).7
7 The accuracy of the position information may be improved by the adoption
of data fusion strategies which combine several localization techniques,
e.g., dead reckoning, cellular localization, and camera image processing,
into a single solution that is more robust and precise than any individual
approach [28].
7Finally, Fig. 5 exemplifies how the omnidirectional trans-
missions of IEEE 802.11p systems offer more robust and,
in some circumstances (e.g., d < 40), more efficient V2V
communications than their mmWave counterparts.
V. DISCUSSION AND FUTURE WORK
In this paper we provided the first numerical comparison of
the performance, in terms of achievable data rate, detection
accuracy and robustness, between IEEE 802.11p (the current
standard for short-range vehicular communications) and the
mmWave technology to support V2V networking. Overall, we
showed that IEEE 802.11p systems offer low-rate connectivity
(i.e., up to a few tens of Mbps) but guarantee very stable,
reliable and robust transmissions at short/medium distances
(i.e., up to a few hundreds of meters) thanks to the intrinsic
stability of the low-frequency channels and the omnidirec-
tional transmissions. Conversely, mmWave systems support
very high-throughput connections but exhibit high instability
due to the severe signal propagation characteristics and the
need to maintain beam alignment. Although the connectivity
robustness can be magnified by considering transmissions
through wide beams, the data rate increases considering very
directional communications and close-range vehicles instead.
We also showed that sensory information has the potential to
help reducing the beam alignment overhead with minor per-
formance degradation even in the presence of inaccurate data.
In this context, we conclude that the synergistic orchestra-
tion among the different radios makes it possible to comple-
ment the limitations of each type of network and deliver more
flexible and resilient transmissions.
This work opens up some particularly interesting research
directions, such as the definition of interface selection mecha-
nisms able to dynamically identify the recommended type of
radio to interconnect the vehicles. Moreover, due to the lack
of temporally and spatially correlated channel measurements
in the mmWave band, it is currently not possible to accurately
evaluate the performance of the vehicles in realistic mobility-
related scenarios, which on the other hand remains a very
interesting and relevant item for future research.
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